[P la te s 9, 10]
The n a tu re of th e actio n p o te n tia l a n d th e m echanical response of cru stacean muscle is investigated.
I f electric shocks of sufficient in te n sity are applied to th e muscle, g raded local contractions occur a t th e cathode. I f th e in te n sity of th e stim uli is fu rth e r increased, p ro p ag ated action po ten tials, up to 40 mV, are recorded, accom panied b y vigorous tw itches of th e active fibres. The conduction velocity of th e muscle im pulse is a b o u t 20 cm ./sec., a t 20° C, an d its w ave length ab o u t 2-3 m m .
The m echanical an d electrical responses of th e m uscle to m o to r nerve stim u latio n are local or prop ag ated , depending upon th e n u m b er an d frequency of th e nerve im pulses.
W ith single, or low -frequency, m o to r nerve im pulses a n egative p o te n tia l change is recorded in th e vicin ity of th e nerve endings. I t spreads decrem ent ally 2-3 m m . along th e m uscle fibres, an d a t 17° C rises to a peak in 3 msec, an d falls to one h a lf in a b o u t 6 msec. Because of its analogy to th e ju n ctio n al p o te n tia l of curarized v e rte b ra te muscle it will be referred to as 4end-plate p o te n tia l' (e.p.p.). The sp atial characteristics of th e e.p.p. provide evidence for a discrete 'fo c a l' in n erv atio n of cru stacean m uscle fibres, sim ilar to th a t in v erte b ra te s.
In m any m uscles, w ith rep etitiv e stim u latio n , successive e .p .p .'s continue to grow in am p litu d e for 0 3 -0 -5 sec. The degree an d tim e course of th is 'fa c ilita tio n ' varies g reatly in different m uscles; depending upo n in itial size a n d ra te of grow th of successive e .p .p .'s, 'f a s t' an d 'slow ' system s can be distinguished. A t high frequencies (above 100 p er sec.), e .p .p .'s sum to a p la te a u of several tim es th e ir indiv id u al height.
W hen th e e .p .p .'s h av e grow n or sum m ed to a 'th re sh o ld ' level, p ro p ag ated spikeS are set up. Spikes in ind iv id u al fibres are u sually asynchronous a n d occur a t a lower ra te th a n e .p .p .'s. I f th e e.p.p. is slightly below 'th re sh o ld ', ab o rtiv e spikes are observed.
A prolonged series of e .p .p .'s is associated w ith a relativ ely slow m a in tain ed co n tractio n of th e ju n ctio n al region. P ro p a g a te d spikes, on th e o th e r h an d , are accom panied b y quick tw itches of th e activ e m uscle fibres. T his difference is seen clearly b y direct inspection of th e exposed m uscle fibres, b u t n o t b y recording th e overall tension of th e muscle.
I n m an y muscles, local ju n ctio n al responses account for m ore th a n 50 % of th e m axim um observed tension.
E lectric recording on th e in ta c t anim al show^s th a t a good deal of th e norm al lim b muscle ac tiv ity is based on e .p .p .'s a n d local contractio n s. P ro p a g a te d m uscle spikes were seen only d uring fast an d pow erful reactions.
The ra te of c o n tractio n varies w ith th e frequency of m o to r im pulses as a higher th a n second pow er function. This relation, a n d especially th e origin of th e v ery slow co n tractio n a t low frequency, is discussed. R e c ru itm e n t of ind iv id u al m uscle fibres plays only a m inor role; th e m ain facto r is th e ra te of su m m atio n of th e local m echanical ac tiv a tio n process a t th e ju nction. A fu rth e r facto r influencing th e speed of co n tractio n is th e sp atial spread of th e active region, w hich controls th e e x te n t of in te rn a l elastic shortening of th e muscle.
The various links of th e neuro-m uscular transm ission chain are discussed an d com pared w ith th e analogous processes in v erte b ra te s.
I n t r o d u c t i o n
The neuro-muscular system of Crustacea is of general interest for several reasons: (i) crustacean muscle fibres are supplied with antagonistic nerve fibres, carrying excitatory and inhibitory impulses; (ii) in most muscles, action is brought about by prolonged facilitation; (iii) Marmont & Wiersma (1938) recently discovered that, by suitable timing of the inhibitory nerve impulses, complete mechanical relaxation can be produced without noticeable diminution of the muscle action potential. The first two properties are of interest, as their investigation might provide further clues to the mechanisms of inhibition and facilitation at central synapses of higher animals. The third phenomenon deserves close study, as it may throw some light on the events which mediate between muscle action potential and contraction.
In the present paper, experiments are described which deal with the transmission of motor impulses from nerve to muscle and with the nature of the action potential of crustacean muscle.
M e t h o d s

Animals.
The experiments were made on sea-water crabs ( pelagicus and Leptograpsus variegatus) and fresh-water crayfish ( serratus, nobilis and su l ca t u s). No essential differences between these species were observed. The animals could be kept in the laboratory for a few weeks; the crabs survived well in oxygenated sea water, while the crayfish were kept in tap water which was renewed every second day.
Nerve-muscle p r e p a r a t i o n s . Most experiments were done on the extensor of the carpopodite, the flexor and extensor of the dactylopodite and the opener and closer of the claw. In some experiments the muscles wT ere exposed, in others the recording leads were inserted through holes in the shell. The extensor of the carpopodite and the opener of the claw have bundles of parallel fibres wrhich are readily acces sible after removing the antagonistic muscle. When exposing these muscles, it is important to avoid undue teasing. To expose suitable portions of the flexor and extensor of the dactylus, it was necessary to damage and partly remove a distal portion of the muscle, leaving the more central parts intact.
In some experiments it was necessary to restrict the innervation to a small muscle strip by cutting the nerve branches to the rest of the muscle. For this purpose the preparation was stained with a methylene-blue solution (0T -O 5 %, soaking for 5-10 min.). Fine nerve branches and connective tissue lying on the muscle surface usually became well visible after staining. The methylene-blue solution did not seem to impair the excitability of the preparation. Some histological sections were made which indicated th at most muscle fibres have a large diameter, sometimes exceeding 1 mm.
Solutions. Nerves and exposed muscles were soaked for 30-60 min. in oxygenated saline. Pantin's (1934) crab solution and Harreveld's (Harreveld & Wiersma 1936) crayfish solution were found satisfactory, with some modifications. To the former an extra amount of CaCl2 (three times) was added, while the latter was diluted by one-third.
Owing to the necessary manipulations and possibly to inadequacy of the saline, some deterioration in the muscle excitability always occurred. In some experiments deterioration was rapid, while in others consistent responses were obtained for several hours.
Electrical apparatus
Stimulation. A Lucas pendulum was used to deliver two or three induction shocks, or to apply a series of thyratron-controlled condenser discharges. A double thyratron stimulator was designed to give pairs of shocks at variable intervals, at frequencies from 10 to about 500 per sec.
Platinum wires were used throughout as stimulating and recording electrodes. Recording. A resistance-capacity coupled amplifier stabilized by negative feed back was used. Its time constant was 0-2 or 5-0 sec. for half decline. The short time constant was adequate for the present purpose. A single-sweep time-base circuit was triggered by the Lucas pendulum and applied to a gas-focused or hard cathoderay tube.
Mechanical recording. Contractions were recorded in some preparations by a light tension lever connected to the tip of the dactylopodite and writing on a smoked drum. In other experiments the movement of the dactylopodite was observed against a scale. On exposed muscles and strip preparations, regions of shortening were located by direct observation with a low-power binocular micro scope.
R e s u l t s
To obtain results which are easy to interpret, it was decided, first, to analyse carefully the records from an exposed muscle strip. With the help of this informa tion the responses of the isolated limb were then explored, this preparation being easier to obtain and surviving longer. Finally, the main conclusions were checked on the intact, circulated leg of an immobilized animal.
A. Muscle responses to direct stimulation
For direct stimulation, the extensor muscle of the carpopodite was used, which contains bundles of parallel fibres up to 2 cm. long. The muscle was exposed by carefully removing its antagonist and the large nerve bundles running between the two muscles. Stimulating and recording electrodes were then placed on a strip of fibres, the preparation being covered with a layer of paraffin oil to prevent drying. Single or double induction break shocks were applied, using a cored or coreless coil. The strength of the stimulus was adjusted so th at excitation was confined to a narrow strip of muscle fibres. The excitability varied considerably in different preparations. In some muscles the excitability diminished rapidly, and sometimes no propagated spikes could be set up at all; other preparations, however, gave consistent responses for more than 1 hr. There was always a marked tendency to local contraction at the cathode, which was noticeable with current intensities of about half threshold strength and above ('threshold ' referring to the conducted spike).
Propagated action potentials are shown in figure 1. They consist of the usual diphasic spike, and are associated with a vigorous twitch. Spike potentials up to 40 mV were observed. By small movements of the recording electrodes along the active muscle bundle, it was established that the impulse started at the cathode and travelled at a uniform rate of about 0-2 m./sec. at 20° C. The wave-length of the spike is approximately 2-3 mm. The small positive potential in the front and wake of the negative spike is due to a well-known effect (Bishop 1937) , obtained when leading from an active fibre on the surface of an inactive volume conductor.
Nerve excitation was avoided in these experiments by placing the stimulating leads near the end of the muscle fibres, at the shell, some distance away from the motor nerves. I t will be shown in the following section that the muscle response to a single nerve impulse consists of a very different, non-propagated, type of potential.
B. Muscle responses to nerve stimulation Methods. The simplest results were obtained from the exposed extensor of the carpopodite. After staining with methylene blue and by careful dissection under saline, the main nerve w~as lifted from the muscle tissue, and all fine branches were cut except one supplying a narrow strip of muscle fibres. I t is better to use the limb for this experiment than the claw, because the limb muscle is thinner and therefore yields a finer layer of muscle fibres. In this way it was possible to obtain a preparation with a sharp focus of myoneural junctions, similar to those of the frog's sartorius or cat's soleus (Eccles & O'Connor 1939; Katz & Kuffier 1941) . The disadvantage of this, otherwise excellent, preparation is its nerve supply (Harreveld & Wiersma 1937) , consisting of two motor fibres and one inhibitory fibre which cannot readily be separated. Simultaneous stimulation of the in hibitory fibre introduced complications in some experiments, but these will be dealt with in a later paper. In all the experiments described below, inhibitory impulses were either absent or without appreciable effect, judging from the vigorous mechanical response. As regards the two motor axons, there is little doubt that the responses recorded in figures 2, 3, 5 and 7 (plates 9 and 10) were due to the 'fa st' motor system only (see § B (3)). While the presence of the three nerve fibres had no serious effect on the argument, it was satisfactory that the results were fully confirmed on other muscles (opener of claw, extensor and flexor of dactylus) where the motor axons were stimulated separately.
(1) 1 * * 4 End-plate potentials ' If a single shock is applied to the nerve of the extensor of the carpopodite, a local negative potential change is recorded in the vicinity of the nerve endings. This potential is analogous in every respect to those observed at the junctions of curarized vertebrate muscle and will, therefore, be referred to as 'end-plate potential' (e.p.p.). It spreads decrementally about 2-3 mm. on either side of the junctional region (figure 2), and can sum with successive e.p.p.'s to a much higher level (figures 4, 6). If the recording electrode is moved a few mm. along the strip, the potential becomes positive; at an intermediate distance a diphasic e.p.p. is often observed, with an initial positive deflexion, later overpowered by the electrotonic spread from the negative focus. This agrees in all details with the e.p.p. recorded from innervated strips of the cat's soleus muscle (Eccles, Katz & Kuffler 1941) and needs no further explanation.
When recording electrodes are inserted at random places through the shell of the isolated limb, the e.p.p. assumes a variety of shapes, mono-or diphasic, depending upon the position of the two electrodes relative to nearby foci of junctions. If one ' active ' lead is placed directly over the centre of the muscle and the other lead at some distance away to make it a 'diffuse' or 'indifferent' electrode, one often obtains a simple positive e.p.p. at the active electrode. In this case the active lead actually makes contact with the muscle fibres at, or near, their origin under the shell, i.e. a few mm. away from their junctional region. This was verified by opening the shell and shifting the active lead a few mm. until the negative focus had been located.
The spatial characteristics of the e.p.p. provide definite evidence for a 'focal' innervation of crustacean muscle fibres (see also Holmes 1943). This does not support the concept of a diffuse terminal feltwork of nerves extending over the greater part of the muscle fibres (Wiersma 1941, p. 266) . The occurrence, however, of discrete multiple foci similar to those in the frog's satorius (Katz & Kuffler 1941) has not been excluded by the present experiments.
The time course of the e.p.p. at the junctional focus is rather brief: at 17° C it rises to a peak in about 3 msec, and lasts about 25 msec, (half decline in 6 msec.). Often a small spike can be seen preceding the e.p.p. (figure 6 (3)). This must be the action potential of the motor nerve, for a similar spike-but without e.p.p.-is obtained when the inhibitor nerve is stimulated. The time relation between intra muscular nerve spike and e.p.p. is much the same as in vertebrate muscle (Eccles et al. 1941) : there is no significant delay between the end of the nerve potential and the beginning of the e.p.p.
(2) Summation with two or more shocks
In figures 3-6 the responses of the muscle to multiple motor impulses are shown. The main result is evident: e.p.p.'s are capable of summing to several times their single height and, when a certain threshold level is exceeded, propagated spikes are set up. The advent of a propagated disturbance was marked by the appearance, on top of the e.p.p., of a sharp negative spike, followed after some milliseconds by a positive wave. This positive phase was due to the arrival of the impulse at the second electrode and disappeared when the second lead was made 'indifferent'. Even then a small diphasic dip was usually seen immediately after the initial negative spike. This dip is analogous to the positive phases recorded in figure 1 in the front and wake of the conducted muscle spike, and indicates that the active process has begun to travel aWay from the junctional focus (Bishop 1937)-If, then, the 'active' lead was moved along the muscle strip, a few mm. away from the junction ( figure 4 d),an initial positive potential was recorded e.p.p. + positive phase of approaching spike), followed by a negative wave (con ducted spike, usually more spread out than at the focus). Figure 3 shows that abortive spikes occur, at e.p.p. levels slightly below the propa gation threshold. These are very similar to the local ('new-born') spike responses in nerve and vertebrate muscle (Hodgkin 1938; Eccles & O'Connor 1941; Kuffler 1942) .
Occasionally, even a single e.p.p. was large enough to set up a spike in some muscle fibres (figure 5 B). This was seen quite commonly in the closer of the claw, only exceptionally in the extensor of the carpopodite, and not at all in the flexor and extensor of the dactylopodite.
T he closer of th e claw , as previously show n b y P a n tin (19366) a n d H arre v eld & W iersm a (1936) a n d confirm ed in our exp erim en ts, has tw o d istin c t m o to r sy stem s (fast a n d slow), supplied b y se p a ra te nerv e fibres (see below).
I n th e fast system , a single nerv e im pulse usu ally sets u p a large e.p.p. -(-propagated spike, sim ilar to th e p o te n tia ls in figure 5B . Such p o te n tia ls h a d alre ad y b een o b ta in ed b y H a r re veld & W iersm a (1936, figure 5), b u t th e ir significance w as n o t fully recognized a t th a t tim e.
t (3) Facilitation of end-plate potentials
If a series of shocks at, for example, 50 per sec. is applied to the motor nerve of the opener of the claw, the individual e.p.p.'s grow from a very small initial size to a steady amplitude wdiich may be as much as five times greater. This growth, of 'facilitation', occurs frequently in a 'sigmoid' manner, being very slow during the first few impulses, then becoming faster and eventually approaching a maxi mum. At 20° C the final amplitude is usually reached within about 0-3 sec.
(15 impulses at 50 per sec.); in some opener muscles only.six or seven stimuli are needed, while in others stimulation has to be continued for 2 or 3 sec. to complete the growth. Examples are shown in figures 4 and 6. As a consequence of facilitation, the final size of the e.p.p.'s increases with frequency. Raising the frequency from 10 to 70 per sec. usually causes a four-to fivefold increase in the amplitude of the 'grown-up' e.p.p.'s. This behaviour varies greatly in different types of nerve-muscle preparations. In some muscles, the initial amplitude of the e.p.p. is large, and there is little, or only brief, facilitation; this will be called a 'fa st' system. In others the initial e.p.p. is minute, and many stimuli are required to make it grow to a measurable size; this will be referred to as a 'slow ' system. ( : The terms 'fast ' and 'slow ' apply only to the speed of growth of the e.p.p.'s, not necessarily to the speed of contraction; cf. § 5.) As pointed out by Wiersma (1941) , some muscles are supplied by two or more motor axons with quite distinct synaptic action, one being of the 'fa st', the other(s) of the 'slow' type. At one extreme end there is the 'twitch-system' of the closer of the claw ( § B (2)), in which the first muscle potential is a large e.p.p. with superimposed spike, and subsequent potentials rapidly diminish in size. At the other end there is the opener of the claw, or extensor of the dactylus exhibiting a typical 'slow' system. Between these extremes, all transitions and all degrees of e.p.p. facilitation have been observed (cf. Katz 1936a, figure 1; Harreveld & Wiersma 1936, figure 8) .
The responses of the carpopodite extensor, shown in figures 2 and 5, were of the fast type, the amplitude of the e.p.p.'s at 50 per sec. staying approximately con stant from the first or second impulse. In this system, because of the large size of the single e.p.p., the time factor of facilitation can be studied by applying two shocks at various intervals (figures 3, 7). In some experiments (figure 3) the second e.p.p. was no larger than the first. In others there was an appreciable increase, but only at short intervals (figure 7): the facilitation effect decayed within about 30 msec, (half decline in 5 msec.). It is clear, then, th at repetitive stimulation at 50 per sec. (20 msec, shock interval) can only produce a slight growth, restricted to the first two or three e.p.p.'s.
In the opener of the claw and the extensor and flexor of the dactylus, the time factor of facilitation is much longer, as shown by the much more prolonged growth of e.p.p.'s involving many impulses at 50 per sec. The general properties of such a ' slow ' system are summarized in table 1. 
e.p.p. spike rem ain in g v ery sm all; som etim es a slight gro w th d u rin g th e in itial 5-10 shocks, som etim es no g ro w th a t all grow ing u p to m o d e ra te size w ith in a b o u t 0-3 sec., final a m p litu d e a b o u t 3 tim es larger th a n a t 10 p er sec.
g ro w th a n d su m m atio n u p to a p la te a u w ith in a b o u t 100 m sec.; h eig h t of p la te a u 5-10 tim es g rea ter th a n final e .p .p .'s a t 50 p er sec. f w ith prolonged stim u la tio n , e.p.p. p la te a u declines nil few occasional spikes ta k in g off from fully grow n-up e .p .p .'s n u m ero u s spikes ta k in g off from e.p.p. p la te a u ; o ften only in itial spikes seen m echanical responses
local in sp ectio n of exposed m uscle overall ten sio n v e ry sm all, rising v ery slow ly still slow, b u t ra te is 60-100 tim es g re a te r th a n a t 10 p er sec.
fa st rise; r a te m ore th a n 10 tim es g re a te r th a n a t 50 p er sec.; tensio n n o t fully m a in ta in e d ; o ften in itial p ea k seen v ery slow local co n tra ctio n tw o d istin c t ty p e s: (i) relativ ely slow, m a in ta in e d co n tra ctio n (local), (ii) occasional fa st fib rilla tio n (p ro p ag ated ), superim posed on (i) fa st in itial c o n tra c tio n ; stro n g er an d m ore fre q u en t fibrillations su p e r im posed
When the e.p.p.'s have grown up to sufficient height, propagated spikes can be seen to arise from them at irregular intervals. In fresh muscles a few spikes are usually observed at 50 per sec. During the experiment the spike threshold generally increases, and eventually much higher frequencies are needed, and summation as well as individual growth of e.p.p.'s is required to set up a propagated spike.
At frequencies above 100 per sec., a fairly large muscle spike is often seen, followed by an e.p.p. plateau (figure 6). The occurrence of such initial spikes is reminiscent of Wedenski inhibition in vertebrate, especially eserinized frog's, muscle (Eccles et al. 1942) . Repetitive spikes are often seen to arise from e.p.p.'s at rather long intervals (100 msec, and more). It was clear th at the pro pagated impulses did not follow the frequency of the e.p.p.'s, but invariably occurred at a much lower rate. This was confirmed by direct observation of the mechanical responses ( §4).
(4) Local and propagated mechanical responses
The e.p.p.'s of crustacean muscle can give rise to powerful local contractions. This was an unexpected, but very consistent finding. There is, indeed, reason to believe that a good deal of the normal muscle activity of Crustacea proceeds without propagated muscle impulses at all (see below).
The evidence was derived from the following observations: (a) At frequencies up to about 50 per sec., the muscles (flexor and extensor of dactylopodite, opener of claw) develop tension at a low rate in the absence of spikes (cf. table 1). (6) At 50-100 per sec., moderately strong contractions occur which may, or may not, be accompanied by spikes, (c) At higher frequencies, during the e.p.p. plateau which often follows the initial spikes, at least one-half of the maximum tension is maintained without noticeable propagated muscle impulses, (d) Further results were obtained by inspecting the exposed muscle fibres directly with a lowpower microscope. In this way a clear difference was seen between two types of mechanical responses, depending upon the presence or absence of conducted spikes.
The most direct observations were made on the innervated strip preparation of the carpopodite extensor. While a single e.p.p. was not accompanied by a detect able contraction, a small local shortening in the vicinity of the nerve endings was usually seen with three to five e.p.p.'s at 30-50 per sec. With continued repetitive stimulation, the local contraction gradually became stronger, the speed of initial shortening increasing with the frequency of stimulation. After reaching a steady state, the local contraction was maintained until stimulation ceased.
Whenever conducted spikes, at low frequency, were seen on the oscilloscope, they were accompanied by distinct, quick twitches in individual fibres, in addition to the maintained local contraction. The twitches in these fibres were asynchronous ('fibrillation') and occurred at a low rate, similarly to the propagated spike potentials described in § B (3).
I n th e ex p erim en ts on th e carp o p o d ite extenso r, e x c ita tio n of th e in h ib ito ry axon cannot alw ays be avoided. W hen in h ib itio n occurred, th e local, slow c o n tra ctio n d isappeared, b u t occasional p ro p a g a te d tw itch es could still be observed. T he reason for th is effect will be shown in a la te r p a p e r dealing w ith in h ib itio n .
T he difference b etw een m a in ta in e d co n tra ctio n a n d rh y th m ic tw itch es, a n d th e ir correla tio n w ith e .p .p .'s a n d spikes respectively, w as seen q u ite clearly also in th e exposed flexor of th e d ac ty lo p o d ite. I n th is p re p a ra tio n th e in h ib ito ry ax o n w as read ily elim in ated , an d thus a n y interferen ce b y in h ib ito ry im pulses w as ru led o u t.
There is a rather striking resemblance between the electric responses of crustacean muscle and those of partially curarized vertebrate, especially frog's, muscle. The important difference between the two classes seems to be the presence, in Crustacea, of a distinct mechanical response accompanying a series of e.p.p.'s. Even this, however, need not be regarded as an essential difference, for local neuro-muscular contractions have been observed in vertebrate muscle (Bremer 1932; Cowan 1940; Feng 1941) , especially in eserinized preparations where the e.p.p. is large and prolonged (Eccles et al. 1942) . The two types of responses, local and propagated, were seen in all the crustacean muscles examined. It was suspected that the presence, and indeed, preponderance of local, rather than conducted, activity might be an abnormal effect due to the impaired condition of the exposed muscle. Careful checks, therefore, were made (i) on the unexposed muscle of the isolated limb, and (ii) by recording normal muscle activity on the intact, circulated, leg. The results of these experiments fully confirmed the existence of both, local and propagated, muscle responses.
Experiments on the whole animal were made by recording the electric responses of the normal limb muscles to central excitation (caused by pinching the appen dages or tapping some part of the body). The animal was immobilized by tying it to a dissection board.
The difficulties in interpreting electric responses recorded through holes in the shell have been pointed out in § B (1). Polarity and shape of the potentials depend upon the position of the two leads relative to junctional foci. Nevertheless, there are characteristic features by which e.p.p.'s and spikes can be distinguished. With any given position of the recording leads, the e.p.p.'s, though dependentin amplitude upon the frequency of motor impulses, have a perfectly regular shape. They can be seen to sum and to give the appearance of an ' incomplete tetanus ' (a series of ripples raised above the baseline). Spikes, on the other hand, are seen as brief, transient distortions which suddenly and at irregular intervals break into a series of e.p.p.'s.
When a couple of recording electrodes were inserted into the propodite of a walking limb (crab or crayfish), the following observations were made. In the absence of noticeable limb movements, there was only very slight 'background' activity, consisting of an occasional e.p.p. When a sensory stimulus was applied (e.g. strong tapping of the carapace), groups of e.p.p.'s with occasional spikes were seen, accompanied by vigorous limb movements. If the same kind of stimulus was repeated several times, the reactions became weaker, and movements were then seen without spikes, but still associated with groups of e.p.p.'s.
(5) Slow and fast contraction It is well known that crustacean limb muscles can give very slow or fast con tractions depending upon the frequency of nerve stimulation (Pantin 1936a; Katz 19366) . The only exception to this rule appears to be the 'twitch-system' of the closer of the claw, in which a fast twitch is set up as the result of a single motor nerve impulse (Harreveld & Wiersma 1936) .
The very slow development of tension at low frequencies has been attributed by Pan tin (1936a) and Katz (19366) to a gradual recruitment of muscle fibres analo gous to the facilitation in partly curarized vertebrate muscle. The present experi ments show that recruitment of muscle fibres, which involves propagated spikes in an increasing number of fibres, plays only a minor part, and occurs only at fairly high frequencies ( § B (4)). The main factor controlling the speed of con traction in crustacean muscle is the frequency and intensity of the local responses in the vicinity of the junctions (see discussion).
The previous observations on the relation between (i) frequency of stimulation and (ii) rate of tension development were readily confirmed and need no further description. The change from slow to fast contraction is gradual, the rate of tension rise being a power function (higher than square) of the frequency. When the mechanical response of the whole muscle is recorded, there is no abrupt change to indicate the appearance of spikes at frequencies of 50-100 per sec. (see, however, § B (4)). This could hardly be expected as spikes are not brought in simultaneously, or at the same frequency, in all fibres. It was found in many experiments th at slow and fast contractions can be set up by e.p.p.'s alone without spikes. It is equally clear, however, that the initial spikes at frequencies over 100 per sec. contribute greatly to the very quick rise of tension, and are probably responsible for the initial tension peak which is often seen at these high frequencies (Pantin 1934; Katz 19366) . In the ' twitch-system ' of the closer muscle, a single nerve impulse gives rise to a large e.p.p. and to fully propagated impulses in many muscle fibres. The contrac tion is a fast twitch, and if repetitive shocks are applied at, say, 10 per sec., a strong incomplete tetanus occurs, instead of the very slow, fused contraction seen in all the other muscles. If the stimuli are continued, the e.p.p.'s gradually diminish in size, and the propagated spikes disappear. Simultaneously, the twitches become smaller, but are still appreciable when propagation has ceased.
D i s c u s s i o n
A. Gradation of muscular contractions Most crustacean muscles are supplied by only one or two motor axons. Yet by varying the frequency and number of nerve impulses Crustacea are capable of an even finer adjustment of their muscle reactions than vertebrates with their ample nerve supply (see also Pantin 1936a). The reason is as follows. The response of vertebrate muscle is made up of large fixed ' quanta ': the all-or-none twitch of a whole motor unit is its elementary reaction. Crustacea, however, can regulate the force and speed of their responses in much smaller steps and, moreover, have two different means at their disposal: (i) local contraction in each muscle fibre, the intensity of which depends upon rate and size of the e.p.p.'s built up at the junction; (ii) propagated impulses which can be set up, at a variable rate, in a variable number of muscle fibres. The gradation of both types of response is controlled by the frequency and number of motor nerve impulses and depends upon facilitation and summation of local processes at the junctions.
In spite of the great differences in innervation and regulation of activity, the fundamental units of response upon which muscle activity is based are common to vertebrates and Crustacea, namely, e.p.p.'s, local and propagated action potentials.
I t was seen that crustacean muscle has a marked tendency to local contractions, both at the cathode ( § A) and neuro-muscular junction ( § B (4)). The difference between Crustacea and vertebrates, in this respect, is probably merely quantitative and depends upon the relative 'thresholds' of the membrane and contractile substance. Probably, in all types of muscle tissue, an e.p.p. or a catelectrotonic potential can exert two separate actions (provided it is large enough): it can set up (i) a propagated disturbance of the muscle membrane, and (ii) a local activation of the contractile substance. Once the action potential propagates, it will cause an intense activation of the contractile substance at each point (cf. Brown 1941). Let us assume th at a certain minimum quantity of e.p.p. is needed to activate the con tractile substance locally, while some other minimum amplitude of e.p.p. is required to set up a propagated membrane potential. If propagation occurs at a relatively low e.p.p. level-and this seems to be the case in fresh vertebrate muscle -local contractions will not be observed. If, on the other hand, the propagation threshold is relatively high, or is made high by membrane fatigue, accommodation, etc. (relative refractory period, eserinized muscle, Wedenski effect), then local neuro-muscular contractions are seen even in vertebrates, as was found by Bremer (1932 ), Feng (1941 and Cowan (1940) . Under similar conditions, graded local contractions are obtained with direct current pulses in frog's muscle (Kuffler 1946) .
The conclusion that local neuro-muscular responses play a large part in the normal regulation of crustacean muscle activity was checked on the intact animal ( §4). I t appears from those experiments th at crustacean muscle fibres are thrown into propagated activity only when fast and powerful actions are required. To execute slow movements or maintain moderate tension, local contractions asso ciated with a series of e.p.p.'s appear to be sufficient.
A special case is the double motor response of the closer of the claw (Harreveld & Wiersma 1936) . In this muscle, one motor axon gives rise to large muscle spikes and powerful twitches which rapidly fatigue with repetitive stimulation. The other motor axon sets up small e.p.p.'s which gradually grow in size and are accompanied by a slow, but well-maintained contraction. Harreveld & Wiersma's (1936) work indicates th at each of the two motor axons contacts the majority of the muscle fibres. Hence, by simple 'axon-switching', the same muscle fibres can be thrown into a sudden transient action (propagated), or alternately into a more slowly developing but well-maintained contracted state (local).
B .
N e u r o -m u s c u l a r' transmission ' in Crustacea
At first sight, neuro-muscular transmission in Crustacea seems to be a very complex process, involving a good many more links than observed in higher animals. A simple scheme is shown below which embodies the main phenomena observed in the present experiments and tentatively puts them into proper sequence: To this scheme should be added the abortive spikes which are often interposed between the e.p.p.'s and propagated spikes (figure 3), and which are associated with increased local contractions. It is clear that the previous controversial views on the nature of facilitation (Pantin-Katz, v. Wiersma) are deficient; both summa tion of graded local responses (Wiersma) and facilitation of (Pantin-Katz) occur.
It was pointed out in § B (4) that certain phases of transmission which seem to be so peculiar to crustacean muscle can be retraced in vertebrate, especially frog, muscle, under certain experimental conditions (fatigue, treatment with curare and eserine). In normal vertebrate muscle, the synaptic action of a single motor nerve impulse is so strong that it carries straight through the various phases of the transmission process and leads immediately to an all-or-none response of the muscle. In Crustacea the synaptic effect of a single motor impulse is very weak (except in the 'twitch-system' of the claw), and local summation is required at various stages of the transmission process before a full-size muscle response is obtained. This appears to be more complex, but in actual fact only unfolds a chain of events which, in the higher vertebrates, is compressed into a fraction of a millisecond.
There are a number of outstanding problems which require further elucidation: (i) Nature of neuro-muscular transmitter. The agent which is liberated by the motor impulse and builds up the e.p.p.
is not yet known. Previous experiments (Katz 19366) would seem to rule out acetylcholine and suggest that potassium might play a part in the transmission process. The ineffectiveness of curarine was confirmed on slow and fast nerve-muscle systems (extensor of carpopodite and flexor of dactylus).
(ii) Inhibition. No reference is made in the above scheme to the points of action of the inhibitory nerve. This question will be dealt with in detail in a subsequent paper.
(iii) E.p.p. facilitation.The gradual growth of individual e.p.p.'s during a se of shocks is similar to, but much more pronounced than, the e.p.p. facilitation in curarized frog's muscle (Schaefer & Haass 1939; Eccles et al. 1941) . The basis of this facilitation is not known in either case. It must be some process which is long enough to sum during successive motor impulses and facilitates the release or action of the transmitting agent. It is noteworthy th at the intramuscular nerve spikes are of constant amplitude, showing no 'staircase' effect (figure 6); but it is possible that a summation of negative after-potentials might play a part in e.p.p. facilitation.
C. The mechanism of slow contraction
In vertebrate muscle, tension develops at a rate which is quite independent of the frequency of motor impulses; the maximum rate usually occurs with a single isometric twitch. With repetitive stimulation the maximum tension is obtained when the frequency is high enough to give complete tetanic fusion, and nothing is gained by raising the frequency further.
It appears that, in vertebrate muscle, a single motor impulse gives rise to a very rapid maximum activation of the contractile substance (Hill 1938) . The activation process (also known as 'fundamental process' (Gasser & Hill 1924 ), or 'a-process' (Brown 1941 , is brief and lasts little longer than the rising phase of the twitch (Brown 1941) . Repetitive stimulation merely lengthens the active state but does not intensify it.
While this activation is almost instantaneous, the isometric tension develops only gradually. This is due (Hill 1938) to a certain amount of internal shortening of the contractile links against elastic portions of the muscle, tendon and recording system. This shortening must be completed before the full force is registered. By increasing the elasticity of the lever, or by placing a stretch of inactive tissue in series with the muscle, the tension development can be slowed considerably, e.g. by allowing a frog's sartorius an extra elastic shortening of 8 % of its length, the rate of tension rise is reduced to one-half (Katz 1939) .
In most crustacean muscles the rate of tensiou development depends entirely upon the frequency of motor impulses. The tension rate is almost nil up to 20 or 30 per sec. and then increases as a fairly high power function (more than square) of the frequency (see also Pantin 1936a; Katz 19366).
There are several reasons for this behaviour: (i) The activation of the contractile substance is a graded local process, and its intensity appears to depend upon the size of the e.p.p. With repetitive stimulation the active state is not only lengthened, but also intensified by summation. The rate at which this summation occurs must be proportional to both frequency and of the e.p.p.'s; in other words the activation of the contractile substance may be regarded as an integral of the individual e.p.p. effects until it reaches a ceiling. As the size of the e.p.p. itself, within certain limits, increases almost linearly with frequency, it is not surprising th at the speed of contraction becomes a power function of the frequency.
The duration of the activation process, due to a single nerve impulse, is probably only a small fraction of a second. This is indicated by the briefness of the twitch (lasting about 0-5 sec. or less) set up by a short burst of high-frequency motor impulses (200 per sec.), and by the fact th at an incomplete tetanus can be obtained if such bursts are repeated at 5-10 per sec. The probable time relations of the various phases of neuro-muscular transmission are shown in figure 8.
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F ig u r e 8. P ro b a b le tim e course of ev e n ts a t th e ju n c tio n s, follow ing th e a rriv a l o f th e m o to r nerve im pulse a n d p reced in g th e d ev elo p m en t of tensio n . (ii) A further reason for the slowness of the low-frequency contraction is th at activation is local, and th at the 'slackness' of the inactive portions of the muscle has to be overcome before appreciable tension can be registered. In other words, considerable internal shortening occurs which must greatly diminish the rate at which external force can be developed. The situation is illustrated diagrammatically in figure 9 where the combined action of a group of muscle fibres, or fibre bundles, with distributed junctional foci, is considered. Owing to the electrotonic decrement of the e.p.p., a greater portion of the fibre will be activated the greater the e.p.p. Hence, the length of active muscle increases with frequency, and this is a further reason why the rate of tension development must become more rapid. The fastest contractions, of course, are those associated with propagated impulses in the majority of fibres (frequencies above 100 per sec., twitch of the claw).
The internal shortening of small active regions against the inert remainder of the muscle helps to clear up another curious phenomenon. At very low frequencies, e.g. 10 per sec., one might expect an incomplete tetanus, yet the mechanical response is perfectly fused and very slow. At such low frequencies there is little, and sometimes no, growth of successive e.p.p.'s (table 1), and even the mechanical activation process is probably too brief to give appreciable summation. The tension, however, continues to rise slowly for several seconds before it reaches a steady low level (of the order of 1 % of the maximum tension). This extreme sluggishness may well be due to the fact th at only a small portion of the fibre length has been activated. low fre q u en c y h ig h freq u en cy F ig u r e 9. S chem atic d ia g ra m illu stra tin g ac tiv e (black) a n d in e rt (w hite) regions o f th e m uscle, in th e absence of p ro p a g a te d im pulses.
(1) L ow fre q u en c y ; c o n tra c tio n re stric te d to n arro w ju n c tio n a l regions. (2) H ig h er fre q u en c y : c o n tra c tio n spreads. T h e com bined actio n o f a d ja c e n t b undles is re p rese n ted in th e rig h t-h a n d p a r t o f each d iag ram .
We are indebted to Mr F. A. E x p l a n a t i o n o f P l a t e s P la te 9 F ig u r e 1. M uscle responses to d irect stim u la tio n , ex ten so r of carp o p o d ite (crab). T im e scale 20 m sec. A m plification in record 1 w as 30 % less th a n in records 2-4. (1) ' S up ern o rm al ' size a n d conduction ra te of second response.
F ig u r e 2. S trip p re p a ra tio n of extensor of carpopodite (crab). 17° C. R e p e titiv e stim u la tio n a t 44 p er sec. 'A c tiv e ' lead a t various distances from ju n c tio n a l focus, (a) on fo c u s; (6) 2 m m . aw ay ; (c) 3 m m . aw ay. Note: L arge size of e.p.p. a t focus; in itial p o sitiv e p o te n tia l a t 3 111m.
F ig u r e 3. E .p .p .'s a n d spikes a t ju n c tio n a l region. E x te n so r of ca rp o p o d ite (crab). S trip p rep a ra tio n . B o th electrodes on strip , in terelectro d e d istan ce 3 m m . 17° C. In te rv a ls betw een shocks, successively from abo v e: 24, 12, 9*6, 8, 6*4 a n d 4*8 m sec. Note: P ro p a g a te d spikes in la st 3 records ta k in g off a t a b o u t 3*5 m V . A bortiv e spike a t 9*6 m sec, in te rv al.
F ig u r e 4. O pener of claw (crab). S trip p rep a ra tio n . 14° C. S tim u la tio n a t 160 p er sec. (a), (b) a n d (c) R ecording a t th e ju n c tio n a l region, w ith increasing n u m b e r of m o to r im pulses.
Spike in (c) arises w ith th e 7th im pulse. (d ) 'A c tiv e ' lead m oved a few m m . aw ay from th e ju n ctio n . P o sitiv e p o te n tia l preceding n eg ativ e spike. N o te: A block h a d developed n ea r th e recording electrode a t (d ), a n d th e im pulse did n o t tra v e l p a s t it. P la te 10 F ig u r e 5. 'F a s t ' system . E x te n so r of ca rpopodite (crab). S trip p rep a ra tio n s. A. 17° C. R e p etitiv e stim u la tio n a t 44 p er sec. (1) P airs of shocks p ro d u cin g large in itial spikes ra p id ly dim inishing w ith co n tin u ed stim u latio n . (2) Single shocks, p ro d u cin g p u re e .p .p .'s. B.
(1) sm all spike set u p b y single m o to r im pulse; (2) sam e as (1) a fte r re p e a te d stim u la tio n . Spike h ad becom e 'a b o r tiv e ' an d failed to reach second electrode. F ig u r e 6. 'S lo w ' system . (1) C rab, opener of claw. 18° C. W hole m uscle, reco rd in g from a ju n c tio n a l focus. E ffective stim u la tio n a t 160 per sec. In itia l spike followed b y local 'p la te a u '. (2) a n d (3) Crayfish, opener of claw. (2) 15° C. In n e rv a tio n cu t, ex cep t to o n e-th ird of th e m uscle. S tim u la tio n a t 135 p er sec. (3) 14° C. 57 p er sec.: (a) in itial stim u li, (b) a fte r 0-2 sec. co n tin u ed stim u la tio n . N o te : In tra m u sc u la r nerv e spike of u n ifo rm size precedes e.p.p. F ig u r e 7. Q uick fac ilita tio n in extensor of carp o p o d ite (crab). 17° C. Shock in te rv als from abo v e: 5, 8, 16, 24 m sec, a n d single shock.
